Cytophaga hutchinsonii is a widely distributed cellulolytic bacterium in the phylum Bacteroidetes. It can digest crystalline cellulose rapidly without free cellulases or cellulosomes. The mechanism of its cellulose utilization remains a mystery. We developed an efficient method based on a linear DNA double-crossover and FLP-FRT recombination system to obtain unmarked deletions of both single genes and large genomic fragments in C. hutchinsonii. Unmarked deletion of CHU_3237 (porU), an ortholog of the C-terminal signal peptidase of a type IX secretion system (T9SS), resulted in defects in colony spreading, cellulose degradation, and protein secretion, indicating that it is a component of the T9SS and that T9SS plays an important role in cellulose degradation by C. hutchinsonii. Furthermore, deletions of four large genomic fragments were obtained using our method, and the sizes of the excised fragments varied from 9 to 19 kb, spanning from 6 to 22 genes. The customized FLP-FRT method provides an efficient tool for more rapid progress in the cellulose degradation mechanism and other physiological aspects of C. hutchinsonii.
C
ytophaga hutchinsonii is a widely distributed Gram-negative cellulolytic bacterium which belongs to the phylum Bacteroidetes (1) (2) (3) . C. hutchinsonii can digest crystalline cellulose rapidly in a contact-dependent way and exhibits gliding motility over surfaces. The strategies for microbial cellulose degradation are usually divided into two types, the free-cellulase mechanism used by many aerobic microorganisms and the multienzyme cellulosomes used by many anaerobic microorganisms (4) (5) (6) (7) . Cellulose degradation by C. hutchinsonii needs direct contact with cellulose, and most of the cellulase activity seems to be cell associated (2, 8) . The analysis of the C. hutchinsonii genome shows that it does not encode any proteins containing dockerin or cohesion domains, which are the characteristics of cellulosomes (3) . Thus, the mechanism of cellulose degradation by C. hutchinsonii is novel and still unknown (6, 9) .
Due to the lack of genetic manipulation tools, the study of the cellulose degradation mechanism of C. hutchinsonii remained stagnant until transposon-mediated mutagenesis by conjugation was developed (10) . Recently, many other genetic manipulation tools have been developed for C. hutchinsonii to obtain targeted gene disruptions, complementation with replicative plasmids, and unmarked deletions (11) (12) (13) (14) (15) .
The FLP-FRT recombination system from Saccharomyces cerevisiae is one of the most useful tools for efficient genetic engineering and has proven functional in diverse bacterial species (16) (17) (18) (19) (20) (21) (22) (23) (24) . The site-specific FLP recombinase recognizes the FRT (FLP recognition target) sites and excises the DNA fragment between them when the FRT sites are in the same orientation. Combined with minitransposons, the FLP-FRT recombination system can be used to excise large DNA segments from the genome randomly and cyclically (25) . To our knowledge, this recombination system has not yet been used in the phylum Bacteroidetes. More than 40 percent of C. hutchinsonii genes remain unannotated, and characterization of them with the current genetic tools would require substantial effort and time. An efficient method is required for rapid characterization of unknown genes.
Recent studies have shown that some outer membrane proteins may play an important role in cellulose degradation by C. hutchinsonii (12, 26) , a finding supported by the isolation of the C. hutchinsonii endoglucanase Cel5A (ChCel5A) from the outer membrane (14) . Thus, a protein secretion system across the outer membrane may play a role in cellulose degradation. Analysis of the C. hutchinsonii genome showed only a few homologs of a type II secretion system and a full set of orthologs of a novel protein secretion system recently discovered in Porphyromonas gingivalis and Flavobacterium johnsoniae, named the Por secretion system (PorSS) or type IX secretion system (T9SS) (27, 28) . The T9SS in P. gingivalis is used for secretion of many proteins including gingipains (27, 29) . Protein substrates of the T9SS have conserved C-terminal domains (CTDs) which are important for secretion, posttranslational modification, and cell surface attachment (30) (31) (32) (33) (34) . A novel C-terminal signal peptidase has been identified to be responsible for the cleavage of CTDs of the T9SS substrates in P. gingivalis (30) . The deletion of one of the T9SS genes, CHU_0170 (sprP), causes defects in gliding motility and cellulose utilization (15) . However, functions and physiological roles of other components of the T9SS in C. hutchinsonii remain unknown. In this study, a method based on the FLP-FRT recombination system and linear DNA double-crossover recombination was developed for C. hutchinsonii to generate unmarked deletions of both single genes and large genomic fragments. Unmarked deletion of CHU_3237 (porU), an ortholog of the C-terminal signal peptidase from P. gingivalis, caused defects in colony spreading, cellulose degradation, and protein secretion, indicating that it is a component of the T9SS and that the T9SS has an important role in cellulose degradation by C. hutchinsonii. Furthermore, several deletions of different large genomic fragments were obtained using our method, and the sizes of the excised fragments varied from 9 to 19 kb, spanning from 6 to 22 genes. The customized FLP-FRT method thus appears to be an efficient tool for targeting large genomic fragments in C. hutchinsonii.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 , and primers are listed in Table S1 in the supplemental material. Cytophaga hutchinsonii ATCC 33406 was kindly provided by Mark J. McBride. Escherichia coli strains were grown at 37°C in Luria-Bertani medium. C. hutchinsonii was grown at 30°C in PY6 medium (6 g of peptone, 0.5 g of yeast extract, 4 g of glucose per liter, pH 7.3), modified from PY2 medium (35) . PY6 agar contained 10 g/liter agar unless indicated otherwise.
To observe colony spreading, C. hutchinsonii was grown on PY2 medium with 5 g/liter agar supplemented with 2 g/liter glucose at 30°C. To analyze digestion of filter paper, C. hutchinsonii was grown on Stanier medium (2) with 10 g/liter agar. A cellulose plate was prepared as described by Ji et al. (11) . Briefly, Avicel PH-101 (Sigma-Aldrich, MO, USA) was ball milled for 7 days and added to the PY2 medium with 5 g/liter agar at a final concentration of 1% (wt/vol) as the top layer of the plate. To analyze cellulase activity and protein secretion, cells were grown in Stanier medium supplemented with 2 g/liter glucose at 30°C. Antibiotics were used at the following concentrations when needed: ampicillin (Ap), 100 g/ml; chloramphenicol (Cm), 15 g/ml; erythromycin (Em), 30 g/ml; cefoxitin (Cf), 15 g/ml; kanamycin (Km), 30 g/ml.
Construction of the double-crossover template plasmids pSJHS and pSJHC. pLYL03 was digested with ScaI and EcoRI, and the 2.5-kbp fragment containing oriT and a partial bla gene was selected as a backbone for plasmid construction. The remaining portion of bla was amplified by PCR from the plasmid pLYL03 with primers blaF and blaR, digested with ScaI and EcoRI, and ligated with the backbone, yielding plasmid pOT. The DNA fragment containing ermF was PCR amplified with primers isermF and isermR using pLYL03 as the template, digested with BamHI and SphI, and inserted into the corresponding sites of pOT to create pSJH. To re- duce the size of template plasmid pSJH, ermF including 259 bp upstream of the start codon was PCR amplified with primers sermF and sermR, digested with SacI and KpnI, and ligated into the corresponding sites of pSJH to replace the IS4351-ermF fragment, yielding pSJHS. Plasmid pSJHS was used as the template plasmid for linear fragment double-crossover recombination, and the homologous arms were inserted into the restriction sites on the flanks of ermF.
To generate a chloramphenicol-resistant plasmid, the fusion of the promoterless chloramphenicol acetyltransferase gene (cat) from pEP4351 and the ompA promoter (36) from F. johnsoniae was generated by overlap extension PCR with primers catF, catR, ompAF, and ompAR. The cat expression cassette was digested with SacI and KpnI and inserted into the corresponding sites of pSJH to generate the chloramphenicol-resistant plasmid pSJHC.
Construction of the unmarked deletion template plasmids. DNA fragments containing cat and FRT sites were PCR amplified from pKD3 (19) with two sets of primers (frtSKF/frtSKR and KSfrtF/KSfrtR), digested with SacI and KpnI, and ligated into the corresponding sites of pSJHS. The resulting plasmids were digested with BssHII, treated by alkaline phosphatase, and ligated with PCR-generated and BssHII-digested ermF and cfxA (12) , respectively, yielding four template plasmids named pTSK, pTKS, pCFXSK, and pCFXKS. pTSK and pTKS had the erythromycin resistance gene ermF flanked by two FRT sites, while pCFXSK and pCFXKS were cefoxitin resistant. SK/KS represent the different orientations of the FRT sites against multiple cloning sites (MCS), which is important for deletion of large genomic fragments and served as markers for convenience.
Construction of the FLP recombinase helper plasmid pCHF. The ompAp-cat cassette cloned from pSJHC with primers cat-PstIF and cat-SDR (introducing an SphI site and a putative ribosome binding site from C. hutchinsonii) was digested with PstI and KpnI and inserted into the corresponding sites of pSKSO8TG (described in supplemental methods). The resulting plasmid was digested with SacI and XbaI and ligated with a galK expression cassette (the galactokinase gene from pBJ113 [37] under the control of CHU_1284 promoter [13] ), which was amplified with primers P1284galK-F and P1284galK-R and digested with the same restriction enzymes, generating pCG. The pCG plasmid was digested with XbaI and SalI to excise gfp, blunted with Fast Pfu polymerase (TransGen, Beijing, China), and self-ligated to generate pCHSD. The FLP recombinase was amplified with primers flpF and flpR from pCP20 (38) , digested with SphI and KpnI, and inserted into the corresponding sites of pCHSD, yielding the helper plasmid pCHF.
Construction of the CHU_3237 deletion mutant. The unmarked deletion of CHU_3237 (yielding the ⌬3237 mutant) was performed as follows (Fig. 1a) . A 2.0-kbp fragment spanning the three flanking genes (CHU_3234, CHU_3235, and CHU_3236) and the first 43 bp of CHU_3237 were amplified with primers 3237H1F and 3237H1R. The fragment referred to as H1 was digested and ligated into the corresponding sites of pTKS. A 2.0-kbp fragment spanning the two flanking genes (CHU_3238 and CHU_3239) and the last 30 bp of CHU_3237 were amplified with primers 3237H2F and 3237H2R. The fragment referred to as H2 was digested and ligated into the corresponding sites of pTKS which flanked the ermF-FRT cassette opposite H1. The gene-targeting cassette was amplified by PCR with primers 3237H1F and 3237H2R and purified with a Cycle Pure kit (Omega, GA, USA). A total of 1.5 g of PCR product was transformed into 100 l of competent cells of C. hutchinsonii by electroporation as described previously (13) and grown on PY6 agar containing erythromycin at 30°C for 4 to 5 days. The transformants were grown in PY6 liquid containing erythromycin and streaked on selective medium to eliminate nonselected cells, followed by PCR verification with two sets of primers, 3237UF/3237DR and 3237UF/3237UR. The cells with an erythromycin resistance cassette replacing CHU_3237 were selected as parent cells for transforming the helper plasmid pCHF by electroporation. After incubation on PY6 agar containing chloramphenicol at 30°C for 15 to 20 days, colonies were inoculated into PY6 liquid without any antibiotics to allow the loss of pCHF. The cells were screened by PCR with primers 3237UF and 3237DR, and the products were sequenced with the primer 3237Test to verify the scar sequences after excision of the ermF gene. To confirm the loss of the resistance gene and pCHF, the cells were streaked on PY6 agar containing no antibiotics or containing erythromycin or chloramphenicol.
Complementation of the CHU_3237 deletion mutant. pCH was constructed from pSKSO8TG following a procedure similar to that for pCHF, except that the ompAp-cat cassette was amplified with primers cat-PstIF and cat-KpnIR, and no FLP recombinase gene was inserted. When used for complementation, pCH was digested with SacI and SalI to excise the galK cassette. A 4.4-kbp fragment spanning CHU_3237, 344 bp upstream of the start codon and 118 bp downstream of the stop codon, was amplified with primers C3237F and C3237R. The fragment was digested with SacI and SalI and ligated into the linearized pCH plasmid to generate pCH3237. Plasmid pCH3237 was electroporated into the ⌬3237 mutant and selected by chloramphenicol resistance. C3237 refers to complemented strain of the ⌬3237 mutant with pCH3237.
Deletion of large genomic fragments. The deletions of specific genes located in the terminals of large genomic fragments were carried out similarly as done with CHU_3237. The primers used were named accordingly and are listed in Table S1 in the supplemental material. Disruption mutants were streaked at least once on selective medium to eliminate nonselected cells before they were transformed with pCHF.
Measurement of growth rates in glucose culture. C. hutchinsonii strains were grown in Stanier medium supplemented with 2 g/liter glucose to late exponential phase and inoculated into 150 ml of Stanier medium supplemented with 2 g/liter glucose in 500-ml flasks with an inoculum concentration of 3% (vol/vol). The flasks were incubated with shaking (160 rpm) at 30°C. Growth was monitored by the optical density at 600 nm of the culture using a Unico UV-2000 spectrophotometer.
Cellulose degradation assay. Cellulose degradation assays were carried out as described by Ji et al. (11, 12) . Equivalent amounts of concentrated cells from PY6 medium were spotted on cellulose plates or Whatman number 1 filter paper overlaid on Stanier agar. The plates were incubated at 30°C to observe cellulose degradation.
Observation of colony spreading. Colony spreading on soft agar was observed as described previously (11, 12) . Briefly, cells were grown to mid-exponential phase in PY6 medium. Equivalent amounts of concentrated cells were spotted on the PY2 medium with 5 g/liter agar and 2 g/liter glucose, followed by incubation at 30°C.
Cellulase activity assay. Cells were grown in Stanier medium supplemented with 2 g/liter glucose to mid-exponential phase. Cultures were centrifuged at 5,100 ϫ g for 5 min to obtain cell pellets. For intact-cell samples, cell pellets were washed with Na 2 HPO 4 -KH 2 PO 4 buffer (100 mM, pH 6.8) and resuspended in the same buffer. The protein concentration was quantified as described by Bradford (39) . To measure carboxymethyl cellulase (CMCase) activity, a mixture of 500 l of resuspended intact cells and 500 l of 1% (wt/vol) sodium carboxymethyl cellulose (CMC-Na) in distilled water was incubated for 30 min at 30°C. The reducing sugars were measured using 3,5-dinitrosalicylic acid as previously described (12, 40) . The measurements were carried out in triplicate.
SDS-PAGE of extracellular proteins and Western blot analysis. C. hutchinsonii strains were grown in Stanier medium supplemented with 2 g/liter glucose at 30°C to mid-exponential phase. The cultures were centrifuged at 5,100 ϫ g for 10 min, and the supernatants were filtered through a 0.22-m-pore-size polyvinylidene difluoride (PDVF) filter (Sangon, Shanghai, China). The cell-free supernatants were concentrated using Amicon 10-kDa Ultra-15 centrifugal filter units (Millipore, MA, USA). Equal amounts of concentrated extracellular proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue R-250, and bands were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) in PTM Biolabs (Hangzhou, China) (as described in the supplemental methods).
For Western blot analysis, proteins in an SDS-PAGE gel were transferred onto 0.45-m-pore-size PVDF membranes (Immobilon-P; Millipore, MA, USA) using a semidry electrophoretic transfer cell (Bio-Rad, CA, USA), according to the manufacturer's instructions. Membranes were blocked with skim milk and probed with anti-r0344 rabbit antiserum. Anti-r0344 was raised to the 301-amino-acid region of CHU_0344 (from Gly 476 to Tyr 776 ). After incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Cowin Biotech, Beijing, China) as a secondary antibody, proteins were detected by chemiluminescent HRP substrate (Immobilon Western, Millipore, MA, USA) according to 
RESULTS
A new unmarked deletion method based on a linear DNA transformation and FLP-FRT recombination system for C. hutchinsonii. In order to target genes independent of plasmid transformation, we tried to introduce linear DNA into C. hutchinsonii as done in other species (19, 24, 41) . We constructed template plasmids with resistance genes flanked by multiple cloning sites for inserting homologous arms. The template plasmids were named pSJHS and pSJHC with ermF and cat as the resistance genes, respectively. Homologous arms were cloned from C. hutchinsonii and ligated into the restriction sites of the template plasmid. The double-crossover cassette was amplified by PCR, purified, and transformed into C. hutchinsonii by electroporation. After trying different fragment sizes and linear DNA concentrations, we found that ϳ1 g of linear PCR product with at least 1.5 kbp of homologous sequence for each arm transformed to approximately 10 9 electrocompetent cells was adequate for obtaining transformants. Using this approach, we have disrupted dozens of genes (data not shown).
To apply the FLP-FRT recombination system to unmarked mutagenesis, several plasmids were constructed to customize the system for C. hutchinsonii. Two FRT sites from pKD3 were introduced into pSHJS to generate unmarked template plasmids pTKS and pTSK. As no inducible promoter has been reported to be functional in C. hutchinsonii, the helper plasmid carrying flp should be cured under specific conditions for successive gene targeting. The helper plasmid was constructed from a replicative oriC plasmid, pSKSO8TG, with insertion of the functional counterselectable marker galK under the control of the CHU_1284 promoter (13) to generate pCHSD. The pCHSD plasmid was chloramphenicol resistant, and the flp gene was ligated directly downstream of a putative ribosome binding site (RBS) (42) behind the stop codon of cat, resulting in pCHF. The flp gene was cotranscribed with cat under the control of the F. johnsoniae ompA promoter (36) and was expressed with a putative RBS sequence 9 nucleotides (nt) upstream of the initiator AUG. At first, the helper plasmid pCHF was designed to be eliminated by growth in culture medium supplemented with 2-deoxy-galactose (DOG) (43) . However, we found that the transformants grown on chloramphenicol-selective plates after pCHF electroporation retained weak resistance to chloramphenicol. Cells grown in fresh liquid medium without chloramphenicol were screened by PCR and streaked on plates containing chloramphenicol, and the results showed that pCHF could be easily cured from nonselective culture (data not shown).
CHU_3237, an ortholog of porU, was disrupted by linear DNA transformation (Fig. 1a) . The erythromycin resistance gene was evicted with the transformation of the FLP recombinase helper plasmid pCHF. PCR tests using primers 3237UF/3237DR and 3237UF/3237UR showed that all transformants picked had the expected band sizes (see Fig. S1a in the supplemental material) . The scar sequences were verified by sequencing with primer 3237Test, and all had the exact predicted sequences (data not shown). The cells of the ⌬3237 mutant were streaked on PY6 agar without antibiotics and PY6 agar with erythromycin or chloramphenicol, and the results showed that the ermF gene was completely excised and that the helper plasmid was eliminated (see Fig.   S1b in the supplemental material). We obtained several other unmarked deletions of genes using this method (data not shown), indicating that it is an efficient method for unmarked deletion in C. hutchinsonii.
Implementation of the new method for deletion of large genomic fragments. Once the FLP-FRT recombination system was proved to be efficient for unmarked deletion in C. hutchinsonii, we decided to apply this method to the deletions of large genomic fragments. Two cefoxitin-resistant template plasmids, pCFXKS and pCFXSK, were constructed according to method described in the Materials and Methods section. We used pTKS, pTSK, pCFXKS, and pCFXSK as templates to carry out the deletions of large genomic fragments. The deletion of the fragment region from CHU_3190 to CHU_3202 (yielding the ⌬3202-3190 mutant) was begun with disruption of CHU_3202 using pTKS as the template, followed by transformation of pCHF to obtain the unmarked CHU_3202 mutant (⌬3202 mutant) (Fig. 1b) . Then, CHU_3190 was disrupted using pTSK as the template in the ⌬3202 mutant, after which Em r colonies were isolated for another round of pCHF transformation. The resultant colonies were tested by PCR, and the new junction fragments were sequenced following PCR amplification. The verified colonies were streaked on PY6 agar with or without erythromycin to test their antibiotic sensitivity (see Fig. S2 in the supplemental material). All of the ⌬3202-3190 mutants obtained had the expected junction fragments and were sensitive to erythromycin, indicating that the large fragment between CHU_3190 and CHU_3202 had been excised.
Other deletions of large genomic fragments were carried out as shown in Fig. 1c and in Fig. S3 in the supplemental material. For example, to delete the region from CHU_0804 to CHU_0819 (yielding the ⌬0804-0819 mutant) we used Em r and Cf r templates, and the deletion was achieved by only three transformation steps (Fig. 1c) . Six of the resultant colonies were randomly picked, tested, and verified similarly as described above. The ⌬0804-0819 mutants obtained had the expected junction fragments and were sensitive to both erythromycin and cefoxitin (see Fig. S4 ), indicating that the large fragment between CHU_0804 and CHU_0819 and the resistance genes were eliminated successfully. Similarly, deletions of regions from CHU_0428 to CHU_0449 and from CHU_0834 to CHU_0841 were obtained and verified by PCR and sequencing (see Fig. S3 ).
However, excision between CHU_1075 and CHU_1107 had been tried several times and resulted in no colonies on the selection plates, while the electroporation with the control plasmid pCHSD obtained hundreds of colonies following the same procedure (see Fig. S5 in the supplemental material), suggesting that the deletion of this region might be lethal. Searching for potential essential genes covered in this part of genome in the Database of Essential Genes (DEG 10.02 [http://www.essentialgene.org/]) (51, 52) showed that CHU_1088 (murI, glutamate racemase) is an essential gene in 15 strains (out of 31 strains in all) and that CHU_1085 (fabG, 3-oxoacyl-ACP reductase) is present in 20 strains in rich medium. This might explain why no colony was obtained on the Cm r selection plate with electroporation of pCHF. Thus, the method developed for large-genomic-fragment deletion may be a useful tool for identifying conditionally essential genes of C. hutchinsonii.
During the process of testing deletion mutants of large genomic fragments, all colonies picked had the expected struc-tures, and no colony was ever found such that the resistance genes had been evicted from the genome while the large fragment between the two distant FRT sites still remained in the genome. The results indicated that three or four FRT sites in the same orientation had recombined into one and that the helper plasmid could be cured by nonselective culture.
Preliminary phenotypic study showed that the ⌬3202-3190, ⌬0804 -0819, ⌬0834 -0841, and ⌬0428 -0449 mutants with the large-fragment deletions had no obvious defects in cell growth and filter paper degradation, suggesting that these genes were not essential for cellulose degradation. Further studies on other phenotypes are now in progress.
Phenotypic properties of the unmarked ⌬3237 deletion mutant. Deletion of CHU_3237 (porU) resulted in defects in many properties. The ⌬3237 mutant had a little lower growth rate than the wild-type strain in both Stanier and PY6 media ( Fig. 2a ; see also Fig. S6 in the supplemental material) and was partially defective for cellulose utilization (Fig. 2c and d) . The deletion mutant failed to digest filter paper completely even after incubation for 20 days. On cellulose plates, the mutant formed only a very small semitransparent circle around the inoculant while the wild type grew and spread quickly to form a transparent hydrolysis circle. Intact cells of the mutant had lower levels of specific CMCase activity than cells of the wild type (Fig. 2b) .
For colony spreading on soft agar, cells of the ⌬3237 mutant dispersed only a little from the edge of the inoculant while the wild-type strain formed a large, spreading circle around the inoculant (Fig. 2e) . This is in accordance with the small circle formed on the cellulose soft layer. The arrangement of cells on filter paper fibers showed no obvious differences between the mutant and the wild-type strain (see Fig. S7 in the supplemental material). This suggested that the deletion of CHU_3237 had no impact on the motility of cells on cellulose fiber. Complementation of the ⌬3237 mutant with pCH3237 resulted in recoveries of both cellulose utilization and colony spreading on soft agar (Fig. 2c to e) . However, the growth rate of the complemented strain was lower than that of both the wildtype strain and the ⌬3237 mutant (Fig. 2a) , possibly because of the replicative oriC plasmid used and the supplementation of chloramphenicol to the culture.
The T9SS is a novel protein secretion system reported to secrete a number of cell surface and extracellular proteins linked to the gliding motility and pathogenesis of Bacteroidetes (27, 29) . The CTDs of the protein substrates are crucial for their secretion and localization. CHU_3237 is predicted to be an ortholog of a CTD cleavage peptidase of the T9SS (27, 30) . The extracellular proteins were extracted from the mid-exponential-phase cultures of both the wild type and the mutant and separated by SDS-PAGE (Fig.  3a) . The result showed that the band patterns of the extracellular proteins of the mutant were obviously different from the band FIG 2 Phenotypic characteristics of the wild-type strain, the ⌬3237 mutant, and the C3237 complemented strain. (a) Growth of the wild-type strain, the ⌬3237 mutant, and the C3237 complemented strain. Cells were grown in Stanier medium with 2 g/liter glucose at 30°C (15 g/ml chloramphenicol added for the C3237 strain), and growth was monitored by the absorbance at 600 nm. Abs, absorbance. (b) Specific endoglucanase activity of intact cells of the wild-type strain, the ⌬3237 mutant, and the C3237 complemented strain. Endoglucanase activity was determined using CMC-Na as the substrate, and the reducing sugars were measured using the 3,5-dinitrosalicylic acid procedure. Error bars indicate standard errors. pattern of the wild type. CHU_0344 is one of the dominant extracellular proteins, and two bands of CHU_0344 with different molecular masses were identified from PYG (peptone-yeast-glucose) culture by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (12, 13) . CHU_0344 (Fig. 3a, arrow) which was predicted to possess a CTD sequence, was absent from the ⌬3237 mutant (the 0344::cat mutant was used as a negative control). This finding was confirmed by Western blot analysis (Fig. 3b) . In addition, a blurry band (Fig. 3b, asterisk) was observed from the ⌬3237 mutant at the position above 90 kDa, while the main band of the mature CHU_0344 was a little above the 75-kDa band marker. The blurry band with a molecular mass similar to that of the full-length CHU_0344 was probably the propeptide of the CHU_0344 with its CTD. Due to the loss of CHU_3237, the CTD of the CHU_0344 was unable to be cleaved, and most of the propeptide might be subsequently degraded.
LC-MS/MS analysis of extracellular proteins of the ⌬3237 mutant and the wild-type strain showed that many proteins with putative CTDs were absent from the ⌬3237 mutant (see Table S2 in the supplemental material). Proteins identified from the cellfree samples of both the ⌬3237 mutant and the wild-type strain contained dozens of cytoplasmic and periplasmic proteins, suggesting that the autolysis of C. hutchinsonii cells happened along with their growth. The deletion of CHU_3237 resulted in defects in colony spreading, cellulose degradation, and protein secretion, which indicated the important role of CHU_3237 in C. hutchinsonii physiology.
DISCUSSION
C. hutchinsonii is a widely distributed cellulolytic bacterium, and the analysis of its genomic sequence suggests that it may use a novel mechanism for cellulose degradation (3, 6, 9) . Recently, much progress in its cellulose degradation and cell motility has been made due to improved tools for genetic manipulation (11) (12) (13) (14) (15) . All of these methods are based on plasmid transformation. Here, a method based on a linear DNA double-crossover recombination and site-specific FLP-FRT recombination system was developed for C. hutchinsonii to generate unmarked gene deletions. In our study, linear DNA fragments containing a resistance gene flanked by two homologous arms were feasible for gene replacement by electroporation into C. hutchinsonii. Combined with the FLP-FRT recombination system, unmarked deletions were obtained without counterselectable markers. Compared with the rpsL-mediated mutagenesis described by Zhu and McBride, which requires the use of a streptomycin-resistant mutant (15), our method could obtain unmarked gene deletions in the wild-type strain. The eviction of resistance genes is mediated by the FLP-FRT recombination system which is site specific and effective, while the eviction step of the counterselection method depends on intrinsic homologous recombination and usually results in half the colonies being wild type and half the colonies being deletion mutants. Furthermore, our method could also be used in deletion of large fragments from the genome. Use of a customized FLP-FRT recombination system for gene targeting in the phylum of Bacteroidetes has not been reported yet. Our study surely will provide one more choice for researchers to obtain unmarked deletions of other species in the phylum of Bacteroidetes, whose study has been hampered by the lack of genetic tools.
Unmarked deletions of several genes of C. hutchinsonii were obtained using our method. One of them is CHU_3237, which is predicted to be an ortholog of the C-terminal signal peptidase of the P. gingivalis T9SS (27, 30) . The ⌬3237 mutant showed partial defects in cellulose degradation and colony spreading. The results of SDS-PAGE and LC-MS/MS analysis of extracellular proteins showed that dozens of extracellular proteins were absent from the culture fluid of the ⌬3237 mutant, and many of them were putative substrates of the C. hutchinsonii T9SS. CHU_0344 is found to be one of the main extracellular proteins (13) and can bind to crystalline cellulose in vitro (12) . It contains a C-terminal sorting domain of the T9SS. The result of SDS-PAGE showed that CHU_0344 was absent from the supernatant of the ⌬3237 mutant, and Western blot analysis of the extracellular proteins probed with anti-r0344 confirmed this. However, a trace of CHU_0344 with a molecular mass approximate to that of CHU_0344 with its CTD intact was detected in the supernatant of the ⌬3237 mutant, suggesting that the CTD of CHU_0344 was unable to be cleaved and that the immature propeptide might be digested by proteases. These results showed that CHU_3237 played an important role in protein secretion and appeared to function as a CTD peptidase in C. hutchinsonii.
CHU_3238, which shows 39% identity in protein sequence to PG27/LptO of Porphyromonas gingivalis W83, was located downstream of CHU_3237. PG27/LptO is an outer membrane protein, which is essential for the O-deacylation of lipopolysaccharide (LPS) and secretion of CTD-containing proteins (30, 44, 45) . Recently, the CTD peptidase PG0026 has been found to interact with PG27/LptO, and the PG27-PG0026 complex is stabilized by hemagglutinin A (HagA) (46) . Complementation results showed that the defects of the ⌬3237 mutant were not due to disturbance of the adjacent CHU_3238 gene. The function of CHU_3238 and its relationship to CHU_3237 need to be elucidated in further study. Previous work reported that the deletion of one of the T9SS genes, CHU_0170 (sprP), causes defects in gliding motility and cellulose utilization (15) . Our work supported the idea that the T9SS ex- isted in C. hutchinsonii and played important roles in cellulose utilization and protein secretion.
The fragment from CHU_3190 to CHU_3202 contains 13 genes, among which CHU_3195, CHU_3196, CHU_3198, and CHU_3199 are annotated as gspD, gspE, gspG, and gspF, respectively. These four genes belong to the type II secretion pathway, which is usually composed of 12 to 15 proteins, depending on species, and is related to the type IV pilus biogenesis system (47, 48) . These are the only annotated genes related to those of the defined secretion systems across the outer membrane in C. hutchinsonii besides the T9SS. In addition to these four genes, other genes in the fragment are all described to encode hypothetical proteins. Among them, CHU_3197 showed similarity to the type IV leader peptidase of Solitalea canadensis DSM 3403 (34% identities over 146 amino acids [aa] ), suggesting that it may also be involved in the type II general secretion pathway of C. hutchinsonii. Deletion of this putative operon showed no defects in cell growth and filter paper degradation, suggesting that these genes were not essential for cellulose degradation. Further study of the mutant would help us to explore the function of these genes in C. hutchinsonii.
More than 40 percent of C. hutchinsonii genes are unannotated, and many genes have their paralogs. Once one gene is targeted, C. hutchinsonii may activate an alternative genetic route to recover its phenotype. The identification of functions of these genes would consume a lot of time and effort. Using our method, genes flanked by their paralogs or gene clusters can be deleted together more efficiently. In this study, we obtained four mutants of large-fragment deletions by only three or four transformation steps, and the sizes of the excised fragments varied from 9 to 19 kb, spanning from 6 to 22 genes. Theoretically, this procedure could be cyclically repeated to gain larger fragment deletions. Although the size of the deletion fragment between the FRT sites would be minimized by the presence of essential genes, the FLP-FRT system could be applied to obtain fairly large deletions in C. hutchinsonii.
The results of large-fragment deletions indicated that three or four FRT sites in the same orientation had recombined into one, and the fragments between the furthest FRT sites were excised. Therefore, it appeared that the customized FLP-FRT deletion system might not be used to prepare consecutive unmarked deletions in C. hutchinsonii as done in Mycobacterium smegmatis (23) . One possible explanation for the high efficiency of the large-fragment deletions was that the replicative plasmid pCHF functioned in the C. hutchinsonii cells much longer than inducible expression of flp. The efficiency of the FLP-mediated recombination between multiple FRT sites may change if the FLP recombinase is integrated into the chromosome under the control of an inducible promoter.
The efficiency of homologous recombination with linear DNA transformation was low in C. hutchinsonii as each homologous arm needed to be at least 1.5 kbp to obtain recombinant transformants. This resulted in the insertion of FRT sites into the genome as the rate-limiting step of our method. An alternative strategy is combining the FLP-FRT system with transposons to select for random deletion, as described in Pseudomonas putida (25) . This would be helpful for genome streamlining but not for targeting specific fragments of the genome. The novel mechanism of cellulose degradation by C. hutchinsonii remains a mystery. The method developed for unmarked deletions of genomic fragments in C. hutchinsonii provides an efficient tool for quickly screening the unannotated genes, which may promote the study of its cellulose degradation mechanism and other physiological aspects.
